Electrocatalytic Hydrogen Generation by Cobalt Complexes by Armstrong, Jessica E
W&M ScholarWorks 
Undergraduate Honors Theses Theses, Dissertations, & Master Projects 
4-2017 
Electrocatalytic Hydrogen Generation by Cobalt Complexes 
Jessica E. Armstrong 
College of William and Mary 
Follow this and additional works at: https://scholarworks.wm.edu/honorstheses 
 Part of the Inorganic Chemistry Commons 
Recommended Citation 
Armstrong, Jessica E., "Electrocatalytic Hydrogen Generation by Cobalt Complexes" (2017). 
Undergraduate Honors Theses. Paper 1056. 
https://scholarworks.wm.edu/honorstheses/1056 
This Honors Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at 
W&M ScholarWorks. It has been accepted for inclusion in Undergraduate Honors Theses by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
		 1	
		
 
Electrocatalytic Hydrogen Generation by Cobalt Complexes 
 
A thesis submitted in partial fulfillment of the requirement  
for the degree of Bachelors of Science in Department of Chemistry from  
The College of William and Mary  
 
 
By 
 
Jessica E. Armstrong  
 
 
Accepted for _____________________________ 
 
 
 
________________________________________________ 
William R. McNamara, Director 
 
 
________________________________________________ 
M. Brennan Harris 
 
 
________________________________________________ 
Deborah C. Bebout 
 
 
________________________________________________ 
Elizabeth J. Harbron 
 
 
 
 
Williamsburg, VA 
April 24, 2017 
 
 
 
 
 
 
 
		 2	
Table of Contents 
Acknowledgments                    4 
List of Figures and Tables                             5 
List of Appendix Figures                   8 
 
Chapter 1: Introduction                    9 
The Global Energy Crisis                   9 
Renewable Energy                          10 
Artificial Photosynthesis                         10 
Evaluating Proton Reduction Catalysts               11 
Previously Reported Systems                 12 
Conclusions                    15 
References                           16 
Chapter 2: Electrocatalytic Cobalt Complex with an Asymmetric Schiff-base Ligand       17  
Introduction                   17 
Experimental                   19 
Results and Discussion                 23 
Conclusions                   32 
References                   33 
Appendix A                   34 
Chapter 3: Inexpensive Cobalt Schiff-Base Complexes for Hydrogen Generation         44 
Introduction                   44 
Experimental                   46 
Results and Discussion                 51 
		 3	
Conclusions                   61 
References                   62 
Appendix B                   63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
		 4	
Acknowledgments 
 I would like to thank Dr. William McNamara for his mentorship and advice over the past 
four years. My experiences in his lab have been some of the most formative of my undergraduate 
career. Working under Dr. McNamara has helped me to become an independent thinker and has 
given me the base of knowledge I need to continue my studies while pursuing a PhD in 
chemistry.  Thanks to the time and patience Dr. McNamara has invested in me over the years, I 
have developed skills that will enable me to accomplish my scientific goals. 
 I would also like to thank Dr. Brennan Harris, Dr. Deborah Bebout, and Dr. Elizabeth 
Harbron for serving on my honors committee. Dr. Harris has helped me reach my goals outside 
of the chemistry lab, shaping me into a well-rounded scholar and individual. Dr. Bebout’s 
bioinorganic chemistry class taught me how to effectively delve into the literature and inspired 
me to seek out future bioinorganic research opportunities. Finally, Dr. Harbron taught me the 
basics of organic chemistry and organic spectroscopy and served as a critical mentor and 
supporter throughout my time at William & Mary. I cannot repay the gifts my committee has 
imparted upon me. 
 Thank you to the entire chemistry department, particularly my professors and the other 
members of the McNamara research group, for helpful discussions and advice. Ryan DiRisio and 
Mariah Frank deserve special recognition for their help in the completion of this project.  
 Lastly, thank you to my family and friends for their tremendous support throughout my 
undergraduate studies. From late-night phone calls to early-morning runs, you are the force that 
has kept me sane and encouraged me throughout this process. 
 
 
		 5	
List of Figures, Tables, Equations, and Schemes 
Figures 
Figure 1.1: Increasing concentration of carbon dioxide               9 
Figure 1.2: Photochemical system for artificial photosynthesis                    11 
Figure 1.3: Determination of overpotential               12 
Figure 1.4: Iridium chromophore                               12 
Figure 1.5: [NiFe]-hydrogenase active site                          13 
Figure 1.6: Nickel thiolate catalyst                13 
Figure 1.7: Cobalt-dithiolene catalyst               14 
Figure 2.1: Complexes 1 and 2                17 
Figure 2.2: ORTEP diagram of 2                        23 
Figure 2.3: CVs comparing 1 and 2                        25 
Figure 2.4: CVs of 2 at varying [H+]                26 
Figure 2.5: CVs of 2 at varying [2]                        26 
Figure 2.6: Determination of ic/ip                           27 
Figure 2.7: Determination of TOF                        29 
Figure 2.8: CVs of 2 at varying scan rate                       30 
Figure 2.9: Complex 2 in presence of water                      31 
Figure 3.1: Complexes 2, 3, and 4                        44 
Figure 3.2: ORTEP diagram of 3                51 
Figure 3.3: ORTEP diagram of 4                52 
Figure 3.4: Overlay of CVs of 2, 3, and 4               55 
Figure 3.5: CVs of 3 and 4 at varying [H+]                       56 
Figure 3.6: CVs of 3 and 4 at varying [catalyst]                      57 
		 6	
Figure 3.7: Portion of wave for FOWA of 3 and 4              59 
Figure 3.8: Tafel plots of 3 and 4                60 
Tables 
Table 2.1: Selected X-ray data for 2                24 
Table A1: Selected bond lengths and angles for 2              43 
Table 3.1: Selected X-ray data for 3                 53 
Table 3.2: Selected X-ray data for 4                 54 
Table B1: Selected bond lengths and angles for 3              73 
Table B2: Selected bond lengths and angles for 4                  74 
 
Equations  
Equation 1.1: Water oxidation half-reaction               11 
Equation 1.2: Proton reduction half-reaction              11 
Equation 2.1: Calculation of overpotential               27 
Equation 2.2: Slope of ic/ip vs. [H+]                        28 
Equation 2.3: Testing linearity at varying scan rates             28 
Equation 2.4: Relationship between ic/ip, [H+], and scan rate            28 
Equation 2.5: Calculation of kobs                28 
Equation 3.1: Representation of current                     58 
Equation 3.2: Representation of ip                      58 
Equation 3.3: Representation of i/ip                      58 
Equation 3.4: Calculation of kobs                 58 
Equation 3.5: Calculation of kcat                 59 
		 7	
Equation 3.6: Representation of TOF                59 
Schemes 
Scheme 2.1: Synthesis of 2                 20 
Scheme 3.1: Synthesis of 3                 47 
Scheme 3.2: Synthesis of 4                 48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
		 8	
List of Appendix Figures 
Appendix A                   34 
Figure A1: 1H NMR Spectrum of 2                34 
Figure A2: High-Resolution Mass Spectrum of 2              35 
Figure A3: CVs of 1 at varying [TFA]               36 
Figure A4: CVs of 2 with ferrocene at varying [TFA]             37 
Figure A5: CVs of 2 at v = 500 mV/s and varying [TFA]               38 
Figure A6: CVs of 2 at v = 1 V/s and varying [TFA]                     39 
Figure A7: CVs of 2 at v = 5 V/s and varying [TFA]                     40 
Figure A8: CVs of 2 at v = 500 mV/s and varying [tosic acid]            41 
Figure A9: Background reduction of TFA                 42 
Appendix B                   63 
Figure B1: 1H NMR of 3                  63 
Figure B2: 1H NMR of 4                                    64 
Figure B3: CVs of 3 at v = 500 mV/s and varying [TFA]             65        
Figure B4: CVs of 3 at v = 1 V/s and varying [TFA]                         66 
Figure B5: Dip test for 3                         67 
Figure B6: Background reduction of TFA for 3              68 
Figure B7: CVs of 4 at v = 600 mV/s and varying [TFA]              69 
Figure B8: CVs of 4 at v = 1 V/s and varying [TFA]             70 
Figure B9: Dip test for 4                         71 
Figure B10: Background reduction of TFA for 4               72 
 
		 9	
Chapter 1. Introduction 
The Global Energy Crisis 
 The energy crisis is one of the greatest challenges faced by the current generation. In 
spite of efforts to decrease our per capita energy dependence, energy consumption continues to 
increase with global population.1 In 2015, the globe consumed 550 terajoules (5.5 × 1014 Joules) 
of energy.2 Coal, oil, and natural gas are currently the most utilized energy sources in the United 
States. The resulting increase in atmospheric carbon dioxide levels threatens the global 
ecosystem.1 Since 1950, the amount of carbon dioxide in the Earth’s atmosphere has increased 
from 300 ppm to over 400 ppm (Figure 1.1).3 It is well known that carbon dioxide traps heat, 
warming the surface of the Earth and contributing to global warming.4 Additionally, our reserves 
of fossil fuels are dwindling. According to the 2016 BP Statistical Review of World Energy, the 
globe has an estimated 114 years worth of coal, 53 years worth of natural gas, and 51 years 
worth of oil remaining.2 Thus, it is critical to utilize renewable energy sources, including nuclear, 
wind, geothermal, biomass, and solar energies. 
 
 
Figure 1.1. Increasing concentration of CO2 in the Earth’s atmosphere shown from 1650 to 
present day.3 
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Renewable Energy 
 In 2015, renewable energy contributed only 10.3% of global energy generated.5 This is 
because current systems for harnessing renewable energy are more expensive and less efficient 
than fossil fuels. For instance, nuclear energy requires a large start-up cost and although 
accidents are infrequent, they are catastrophic. Both wind energy and geothermal energy are 
limited in geographic relevance.6 Hydroelectric and biomass energies can negatively impact the 
environment; hydroelectric energy uses dams that can destroy the surrounding ecosystem and 
biomass energy often requires a large landmass.7 Finally, solar power cannot be generated at 
night and efficient storage presents many challenges. For instance, batteries currently used to 
store solar power are expensive, present major safety concerns, and are inefficient at storing 
energy and converting it to a usable form.8 Despite these difficulties, solar energy presents many 
advantages over other renewables. Solar power can be generated locally, can have a very low 
carbon footprint, and is incredibly abundant. The earth receives enough energy from the sun in 
the course of 1.5 hours to power the world economy for an entire year.9 It is therefore important 
to investigate effective means for converting and storing solar energy. 
Artificial Photosynthesis 
 Nature has found an efficient way to harvest solar energy. Plants have evolved to convert 
carbon dioxide to chemical fuel via photosynthesis. One of the most promising methods for 
harnessing and storing solar energy is mimicking the reactions of photosynthesis in plants using 
artificial photosynthesis (AP).1, 10 AP stores energy in the chemical bonds of dihydrogen upon 
splitting water to form hydrogen gas and oxygen gas.11 Our proposed system for AP would 
contain three integrated components: a chromophore for harvesting light, a charge separating 
solid support for integration into a device, and a catalyst to reduce protons to dihydrogen (Figure 
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1.2). Hydrogen in its molecular form is particularly useful as a fuel source because burning it 
produces primarily water as a byproduct and does not generate large amounts of carbon dioxide, 
2H2O → O2 + 4H+ + 4e-  (1.1) 
4H+ + 4e- → 2H2   (1.2) 
mirroring the use of glucose in plants. Hydrogen gas can also be combined with oxygen gas in a 
fuel cell to generate energy. A successful device for use in AP will produce hydrogen when it is 
submerged in water and irradiated with visible light. Therefore, the identification of transition 
metal catalysts capable of reducing protons to hydrogen gas is crucial to the development of a 
successful device for AP. Furthermore, in order for the device to be utilized on a large scale, 
these catalysts must be synthesized using earth abundant materials. 
Evaluating Proton Reduction Catalysts 
 The implementation of AP depends on the identification of highly active, efficient, 
robust, and inexpensive transition metal catalysts. The activity and efficiency of these catalysts 
are assessed using electrochemical methods. The activity of a catalyst is measured by its turnover 
frequency (TOF), or the number of catalytic cycles occurring at a catalytic center per unit time. 
Overpotential is a measure of a catalyst’s efficiency; it refers to the potential that must be applied 
to a system (in addition to the thermodynamic requirement for proton reduction) to observe 
catalysis. 
  
Figure 1.2. Photocatalytic system for AP. 
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 Overpotential is determined using 
cyclic voltammetry (CV) by comparing the 
potential at half the height of the catalytic 
wave with the thermodynamic potential for 
proton reduction of the acid (Figure 1.3). 
Turnover number (TON) is a measure of a 
catalyst’s stability and refers to the amount of 
product obtained for a given amount of 
catalyst. A robust catalyst is also stable and 
active in air and water. As Dempsey et al. 
explain, many potential hydrogen-evolving 
catalysts are tested in organic solvents as a result of solubility and stability restrictions.13 This is 
a major roadblock on the path toward developing a successful device for use in AP. Furthermore, 
the electrocatalytic behavior of proton sources in organic solvents is very different from that in 
aqueous environments. Because most catalysts are analyzed in organic solvents but a successful 
system for AP would be used in water, the widespread 
application of these catalysts is limited.13 A catalyst used 
for AP must be highly active, efficient, stable in water, 
and synthesized from inexpensive materials. 
Previously Reported Systems 
 Although catalysts demonstrating these properties 
have been characterized, the most effective catalysts have 
been synthesized using rare-earth metals. For example, 
Figure 1.4. Iridium chromophore 
used with colloidal Pt as catalyst 
reported by Bernhard and 
coworkers.14 
Figure 1.3. Representative CVs of a 
hydrogen evolution catalyst. Eref is the 
thermodynamic potential for the reduction of 
protons to hydrogen for TFA in acetonitrile. 
E1/2 is the potential at half the height of the 
catalytic wave.  The difference between these 
two values gives the overpotential.12 
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Bernhard and coworkers characterized a promising system 
containing an iridium(III) complex as a chromophore and 
colloidal platinum as a catalyst (Figure 1.4).14 Although the 
catalytic properties of this system are impressive, it can be 
implemented on only a limited scale because of the expensive 
materials on which the catalysis depends. However, the 
results of this study and others investigating rare earth metal 
catalysts have provided insight into structural properties that might be successfully replicated in 
catalysts using earth-abundant metals. In order to develop a 
successful system for AP, the high activity, efficiency, and 
stability of rare-earth metal catalysts must be observed in 
catalysts synthesized using earth-abundant materials such as 
nickel and cobalt. 
 Many nickel catalysts have been investigated for this 
purpose. Han, et al. have reported a nickel thiolate catalyst that 
circumvents many of the problems typically encountered in noble-metal-free systems.15 Nickel 
thiolates are particularly important because of their structural similarity to the active site in 
hydrogenase (Figure 1.5).16, 17 Han et al. report that a particular nickel thiolate complex (Figure 
1.6) shows impressive catalytic activity in a homogeneous system with fluorescein as a 
chromophore and triethylamine (TEA) as a sacrificial donor.15 The TON of this complex is 5500 
over 40 hours and a TOF of 250 h-1 is observed. This nickel thiolate catalyst makes an important 
step towards more active and stable noble-metal-free systems.  
Figure 1.6. Nickel thiolate 
reported by Han et al.15 
Figure 1.5. Oxidized form of 
[NiFe]-hydrogenase active 
site reported by Tatsumi and 
coworkers.17 
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 As an alternative to nickel thiolates, cobalt 
catalysts are among the most efficient molecular 
systems reported so far, competing with some 
platinum-based systems. In particular, a cobalt-
dithiolene catalyst (Figure 1.7) reported by McNamara 
et al. is highly active, efficient, and stable in aqueous environments.18 The aromatic dithiolene 
ligands in this catalyst cannot be hydrogenated, contributing to the durability of the system. The 
catalyst exhibits a TON greater than 2700 with respect to catalyst over 12 h and an initial TOF of 
880 h-1 when paired with Ru(bpy)32+ as a photosensitizer and ascorbic acid as a sacrificial 
electron donor. Additionally, this complex remains active in a solution of 1:1 acetonitrile:water 
in the presence of weak acids; thus it is capable of proton reduction catalysis in aqueous 
solutions. Cobalt-dithiolene catalysts have also been incorporated into inexpensive, highly 
active, and stable heterogeneous electrocatalytic and photoelectrocatalytic systems.19, 20 The 
success achieved by these complexes suggests that cobalt-dithiolene complexes are a promising 
direction for catalysts that might be used in a scheme for AP.  
 
 
 
 
 
 
 
 
Figure 1.7. Cobalt-dithiolene 
reported by McNamara et al.18 
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Conclusions 
 The characterization of highly active, efficient, robust, and inexpensive transition metal 
catalysts is crucial to the successful development of a system for AP. Many successful rare-earth 
metal catalysts provide structural insight into the development of less expensive catalysts.14 
Specifically, cobalt catalysts are among the most efficient systems reported, competing with 
platinum catalysts.21 Cobalt complexes have also been shown to be stable and active in aqueous 
solution.18, 21 Although many efficient cobalt and nickel catalysts have been reported, they often 
contain complex and expensive ligands. This leads to an overall cost comparable to that of noble 
metal catalysts. It is thus crucial to develop catalysts that are made using first-row transition 
metals and inexpensive ligand frameworks. In the face of a pressing energy crisis and rising 
global temperatures, the development of alternative energy sources must take priority and 
investigation into a system for AP is one step towards finding an ultimate solution. 
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Chapter 2. Electrocatalytic Cobalt Complex with an Asymmetric Schiff-base Ligand        
Introduction 
 Conversion of solar energy into a chemically stored fuel represents a promising strategy 
for the development of clean and renewable energy.1 When focusing on the reductive side of 
water splitting through AP (hydrogen generation), it is imperative to utilize a catalyst that is 
made from earth abundant materials, is highly active, and is stable in the presence of water. 
Although platinum catalysts can be used to reduce protons into hydrogen gas, the rare nature of 
this metal limits its widespread application in devices for AP. To date, many cobalt and nickel 
complexes have been examined that are active hydrogen generation catalysts. These include 
cobalt glyoxime complexes, cobalt and nickel phosphine complexes, and polypyridyl ligands 
bound to cobalt.2, 3, 4, 5 Additionally, iron complexes have recently been explored that are highly 
efficient and water-stable, but they do not yet approach the activity of cobalt or nickel catalysts.  
 
 Even when synthesized using low-cost metals, complexes containing complex ligands are 
expensive. For widespread applicability, it is critical to develop complexes that are easily 
synthesized and contain easily synthesized and inexpensive ligands. This chapter presents the 
synthesis, characterization, and electrochemical analysis of two cobalt complexes (1 and 2) that 
Figure 2.1. Left: Non-functionalized complex with cyclohexl backbone (1). Right: Dinitro 
complex with cyclohexl backbone (2).6 
(1) (2) 
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are synthesized in a one-pot reaction using inexpensive precursors (Figure 2.1).6 The complexes 
were characterized by NMR, MS, X-ray diffractometry, and elemental analysis and studied 
electrochemically using cyclic voltammetry. The effects of varying proton and catalyst 
concentration as well as scan rate are investigated. The goal of this project was to discover 
catalysts that can be easily synthesized from inexpensive precursors and metals that are both 
highly active and operate at high efficiency for hydrogen generation. 
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Experimental 
Materials and methods 
2-hydroxy-5-nitrobenzaldehyde was purchased from Alfa Aesar. Potassium hexafluorophosphate 
and cobalt(II) tetrafluoroborate hexahydrate were purchased from Aldrich. (1R,2R)-(-)-
diaminocyclohexane and tetra-n-butylammoniumhexafluorophosphate (98%) were purchased 
from Acros Organics. All other reagents were purchased from Fisher Scientific and used without 
further purification. [Co(L)2]PF6 (1) was synthesized according to literature procedure.7 
Instrumentation 
1H and 13C NMRs were performed on an Agilent 400MR DD2 instrument operating in pulse 
Fourier transform mode. Chemical shifts were referenced to residual solvent. Mass spectrometry 
was carried out using positive electrospray ionization on a Bruker 12 Tesla APEX-Qe FTICR-
MS with an Apollo II ion source. 
X-Ray Diffractometry 
A crystal (0.40 x 0.36 x 0.20 mm3) was placed onto the tip of a thin glass optical fiber and 
mounted on a Bruker SMART APEX II CCD platform diffractometer for a data collection at 
100.0(5) K.7 A preliminary set of cell constants and an orientation matrix were calculated from 
reflections harvested from three orthogonal wedges of reciprocal space. The full data collection 
was carried out using MoKα radiation (graphite monochromator) with a frame time of 45 
seconds and a detector distance of 4.03 cm. A randomly oriented region of reciprocal space was 
surveyed: four major sections of frames were collected with 0.50º steps in ω at four different φ 
settings and a detector position of -38º in 2θ. The intensity data were corrected for absorption.8 
Final cell constants were calculated from the xyz centroids of 4012 strong reflections from the 
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actual data collection after integration.9 See Table 2.1 for additional crystal and refinement 
information 
Synthesis 
 
 
[Co(L-NO2)2] (2) Cobalt(II) tetrafluoroborate hexahydrate (255 mg, 0.75 mmol) and 2-hydroxy-
5-nitrobenzaldehyde (250 mg, 1.5 mmol) were dissolved in 50 mL of methanol (MeOH). 
(1R,2R)-(-)-diaminocyclohexane (510 mg, 1.5 mmol) and potassium hexafluorophosphate (138 
mg, 0.75 mmol) were added. The solution was refluxed for 2 hours. The solution was allowed to 
cool to room temperature and was filtered through celite. Solvent was removed until the 
minimum amount of MeOH (~5 mL) to afford a clear solution remained. The methanol solution 
was then layered onto toluene in crystallization vials. After 2 days, 305 mg of red crystals were 
obtained (56% yield). M/z for C26H32CoN6O6+ expected = 583.170984, observed = 583.170712. 
Anal’d calc’d for 1: C, 42.87, H, 4.43, N, 11.54.  Found: C, 42.92, H, 4.42, N, 11.61.  1H NMR 
(CDCl3): δ 8.70 (d, 2H), δ 8.55 (s, 2H), δ 7.82 (dd, 2H), δ 6.55 (d, 2H), δ 4.63 (s, 2H), δ 3.68 (s, 
2H), δ 2.85 (d, 2H), δ 1.91 (m, 4H), δ 1.67 (m, 6H), δ 1.30 (m, 4H). 
Electrochemistry Experiments 
Cyclic Voltammetry (CV) 
All experiments were performed using a CH Instruments 620D potentiostat with a CH 
Instruments 680 amp booster. A standard three-electrode cell with a glassy carbon working 
electrode, a Pt auxiliary electrode, and a saturated calomel reference electrode (SCE) was used to 
Scheme 2.1. Synthesis of 2. 
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obtain all cyclic voltammograms. All electrochemical experiments were conducted under an Ar 
atmosphere. Acetonitrile (CH3CN) was used as solvent and tetrabutylammonium 
hexafluorophosphate (TBAPF6) was used as electrolyte. Ferrocene was added and used as an 
internal reference and all potentials are reported relative to the ferrocenium/ferrocene (Fc+/Fc) 
redox couple. Before each scan, the working and auxiliary electrodes were polished using 
alumina powder paste (0.05 µm) on a cloth-covered polishing pad and then rinsed using water 
and acetonitrile (unless noted otherwise). 
Acid Addition Studies 
In an electrochemical cell, 0.5 mg of crystals of 1 or 2 were dissolved in 5.0 mL of 0.1 M 
TBAPF6 in CH3CN. The cell was purged with Ar for 15 minutes. Cyclic voltammograms (CVs) 
were taken without acid and after additions of 10 µL, 20 µL, 30 µL, and 40 µL of 1.1 M 
trifluoroacetic acid (TFA) unless otherwise noted. The CVs were obtained at potential ranges 
adjusted for each complex, generally at a scan rate (𝜈) of 200 mV/s unless noted otherwise. 
Catalyst Concentration Study 
A stock solution of 2 in CH3CN was prepared. A 5 mL solution of 44 mM TFA and 0.1 M 
TBAPF6 in CH3CN was prepared in an electrochemical cell and purged with Ar. CVs were taken 
without 2 added and upon the addition of 2 mM, 3 mM, 4 mM, and 5 mM of 2. 
Bulk Electrolysis 
Controlled-potential coulometry (CPC) experiments were conducted in a closed 500 mL four-
neck round-bottom flask. Complex 2 (0.5 mg) was added to 50 mL of 0.1 M TBAPF6 in CH3CN.  
The flask was capped with two vitreous carbon electrodes and a silver wire reference electrode, 
all submerged in solution and separated by VYCOR frits. The solution was purged with Ar and 
TFA was added resulting in a 65 mM solution. A CPC was run at -1.2 V vs. Fc+/Fc for 1800s, 
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resulting in a faradaic yield of 98%. No hydrogen was observed when the experiment was 
performed without catalyst. 
Activity in Aqueous Mixtures 
In an electrochemical cell, 5 mg of 2 was dissolved in 5 mL of 1.0 M TBAPF6 and 11 mM TFA 
in CH3CN and purged with Ar. CVs were taken in dry conditions and after the addition of 200 
µL of water. 
Background Reduction of TFA 
In an electrochemical cell, 8.8 mM TFA in 5.0 mL of 0.1 M TBAPF6 in CH3CN was purged with 
Ar. A CV was taken without adding 2. 
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Results and Discussion 
Characterizing the Nitro-Functionalized Complex (2) 
 Owing to the asymmetric nature of the ligand, several isomers of 2 are possible. The 
ligands can coordinate to the metal center to give facial or meridional complexes. However, the 
meridional mode is more stable and forms exclusively in this synthesis. The meridional complex 
itself has two forms: Δ and Λ. For this reason, it was of interest to investigate which isomer of 2 
had formed. Crystals suitable for X-ray diffraction were obtained through slow diffusion of 
toluene into a solution of 2 in MeOH. The 
crystal structure obtained shows that 2 is a 
distorted octahedral complex with O1-Co-N2, 
O1-Co-N2A, and N2-Co-N2A bond angles of 
94.61°, 87.98°, and 176.35°, respectively 
(Table A1) and that the synthesis forms the 
meridional isomer in a racemic mixture of the 
Δ and Λ configurations (Figure 2.2).6 
Because only the meridional configuration is 
formed in this synthesis, we maximize the 
yield for the reaction by minimizing the 
formation of other isomers as side products. 
Further X-ray crystallographic data is shown in Table 2.1 for reference.  
 
 
	
	
Figure 2.2. ORTEP diagram of 2 with O 
(red), N (blue), C (grey), P (pink), and F 
(green). Hydrogen atoms are omitted for 
clarity and ellipsoids are drawn at the 50% 
probability level.6 
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Table 2.1.  Crystal Data and Structure Refinement for 2. 
______________________________________________________________________________ 
Identification code  2 
Empirical formula  C26 H32 Co F6 N6 O6 P 
Formula weight  728.47 
Temperature  100.0(5) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  C2/c 
Unit cell dimensions  a = 13.6853(13) Å α = 90° 
 b = 20.835(2) Å β = 94.571(2)° 
 c = 14.5173(14) Å γ = 90° 
Volume 4126.3(7) Å
3
 
Z 4 
Density (calculated) 1.173 Mg/m
3
 
Absorption coefficient 0.520 mm
-1
 
F(000) 1496 
Crystal color, morphology dark red-orange, plate 
Crystal size 0.40 x 0.36 x 0.20 mm
3
 
Theta range for data collection 1.784 to 27.596° 
Index ranges -17 ≤   h ≤  17, -27 ≤   k ≤  27, -18 ≤   l ≤  18 
Reflections collected 27492 
Independent reflections 4766 [R(int) = 0.0369] 
Observed reflections 3331 
Completeness to theta = 27.485°  100.0%  
Absorption correction Multi-scan  
Max. and min. transmission 0.7456 and 0.6523 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 4766 / 20 / 241 
Goodness-of-fit on F2 1.051 
Final R indices [I>2sigma(I)]  R1 = 0.0550, wR2 = 0.1584 
R indices (all data) R1 = 0.0786, wR2 = 0.1759  
Largest diff. peak and hole 0.788 and -0.555 e.Å
-3 			
		 25	
Electrochemistry 
 CV was used to probe 1 and 2 for usefulness as electrocatalysts. Complex 1 shows a 
reversible redox couple at -1.23 V vs. Fc+/Fc that can be assigned to Co(II/I) reduction and 
oxidation events (Figure 2.3, left, black trace).6 Adding electron-withdrawing nitro groups to the 
ligand in 2 shifts the Co(II/I) redox couple to a potential of -1.1 V vs. Fc+/Fc (Figure 2.3, right, 
black trace).6 When TFA is added to a solution containing 1, a catalytic response is not observed.  
The corresponding current increase at -1.8 V vs. Fc+/Fc results from the background reduction of 
TFA at the electrode surface.10, 11 Although an increase in current is observed at -1.23 V vs. 
Fc+/Fc, this current does not increase upon further addition of TFA. Additionally, a bulk 
electrolysis experiment performed at this potential does not generate hydrogen, indicating that 
the current enhancement at -1.23 V vs. Fc+/Fc for 1 does not represent a catalytic event.6 In 
contrast, when TFA is added to a solution containing 2, a significant current enhancement 
Figure 2.3. Left: CVs of 1 with no acid added (black) and with 3.3 mM TFA added (blue) in 
CH3CN with 0.1 M TBAPF6. Right: CVs of 2 with no acid added (black) and with 3.3 mM 
TFA added (blue) in CH3CN with 0.1 M TBAPF6.6 
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appears at -1.1 V vs. Fc+/Fc. Furthermore, when bulk electrolysis is performed by holding the 
potential at -1.2 V vs. Fc+/Fc, hydrogen is generated, corresponding to a faradaic yield of 98%.6 
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Figure 2.4. Left: CVs of 2 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 
mM (red), 6.6 mM (green), and 8.8 mM (orange) TFA at ν = 200 mV/s.6 Right: The ic/ip vs. [TFA] 
was fit with a linear correlation.	
 
Figure 2.5. Left: CVs of 44 mM TFA in 5 mL of 0.1 M TBAPF6 in CH3CN without 2 added (black) 
and upon the addition of 2 mM (blue), 3 mM (red), 4 mM (green), and 5 mM (orange) of 2.6 Right: 
The ic vs. [TFA] was fit with a linear correlation.	
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Upon further additions of TFA to a solution containing 2, the catalytic response increases 
linearly with [TFA], suggesting that catalysis is second order with respect to [H+] (Figure 2.4).6 
When [H+] is held constant and [2] is varied, there is also a linear dependence on [2], indicating 
that catalysis is first order with respect to [2] (Figure 2.5).6 This gives an overall rate expression 
of rate = 𝑘 𝟐 [H!]!.6 
 After investigating the rate dependence on [TFA] and [2], it is of interest to probe the 
efficiency of 2 by calculating its overpotential. Overpotential is determined using Equation 2.1, 
where E1
2
 refers to the potential at half the height of the catalytic wave and Eref refers to the 
thermodynamic potential for proton reduction of TFA. The half-wave potential of 2 is 1.03 V vs. 
Fc+/Fc, corresponding to an overpotential of just 350 mV, as calculated below.6 This low 
overpotential indicates that 2 is an efficient catalyst for proton reduction. 
    Overpotential = E1
2
 - Eref  (2.1) 
    = -1.03 V  - (-0.68V)  
    = 350 m 
 In addition to overpotential, the ic/ip 
value is an important measure of a catalyst’s 
activity. It is the ratio between the peak current 
density of the catalytic wave and the current 
density of the redox wave before acid is added 
(Figure 2.6). In order for a process to be 
considered catalytic, it must have an ic/ip  of at 
least four. This is due to two different 
characteristics of our system. First of all, it 
Figure 2.6. CVs of 0.3 mg of 2 in 5 mL of 0.1 M 
TBAPF6 in CH3CN before (black) and after 
(blue) the addition of 8.8 mM TFA at ν = 200 
mV/s.6	
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takes two electrons to reduce two protons to dihydrogen and only one electron to reduce our 
catalyst. Additionally, the process of forming dihydrogen from protons can be considered second 
order with respect to electrons. The ic/ip obtained for 2 is 6.22, indicating that the process is 
indeed catalytic. 
 Furthermore, the ic/ip can then be used to calculate the TOF of 2. The observed rate 
constant, or kobs, can be determined from a plot of ic/ip vs. [H+] with respect to the inverse square 
root of scan rate. The slope of this line can be defined as: 
m = icip  * v
[H+]
2     (2.2) 
Equation 2.3 suggests that plotting ic/ip vs. [TFA] for a second order process with respect to 
protons should be linear at different scan rates:  
ic
ip
 = n
0.4463
∗ RTkobs[H+]2
Fv
  (2.3) 
In this equation, n is the number of electrons in the process, R is the gas law constant, T is 
temperature, F is the Faraday constant, and v is the scan rate in V/s. This equation can be solved 
using the previously defined slope to give Equation 2.4: 
ic
ip
 * v
[H+]
2  = n.4463  * RT!!"#F   (2.4) 
From this, kobs can be solved for in terms of m and constants, giving Equation 2.5: 
kobs = FRT  * .4463mn 2   (2.5) 
This gives a kobs value in M-2s-1, which can be multiplied by the acid concentration for a given 
experiment to give the TOF in s-1. The TOF calculated by plotting the slopes of the lines 
generated from the ic/ip vs. [H+] at each scan rate was found to be 420 s-1 for 100 mM TFA 
(Figure 2.7).6 
		 29	
A)       B) 
 
C)       D) 
 
 Additionally, the TOF can be calculated by finding the v at which ic is independent of v. 
For 2, the catalytic current becomes independent of v at v = 9 V/s. At this v, an ic/ip of 5.16 was 
found, corresponding to a TOF of 470 s-1 (Figure 2.8). 
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Figure 2.7. A) Plot of ic/ip	vs.	[TFA]	for	v	=	0.5 V/s. B) Plot of ic/ip	vs.	[TFA]	for	v	=	1 V/s. C) 
Plot of ic/ip	vs.	[TFA]	for	v	=	5 V/s. D) Plot	of	the	slope	of	ic/ip	vs.	ν-1/2.		
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 Another interesting aspect of 2 is that it is initially coordinatively saturated. The 
mechanism for catalysis appears to involve an electrochemical step (reduction) followed by a 
chemical step (protonation) and subsequent reduction and protonation events (an ECEC 
mechanism). If a cobalt hydride is formed during catalysis, the ligand must be protonated, 
resulting in partial ligand dissociation. In CH3CN, p-nitrophenol is less acidic by roughly 4 pKa 
units, suggesting that protonation would occur preferentially at the phenolate.12 Although simple 
pKa arguments predict protonation of the phenol, pKa values change when moving from organic 
to aqueous solvents. Therefore, in aqueous/organic solvent mixtures, protonation of the amine 
cannot be ruled out. 
 For the purpose of finding a proton reduction catalyst for AP, a complex must be active 
in the presence of water. Although 2 is sparingly soluble in water, it is of interest to determine 
the tolerance of 2 to water. Figure 2.9 shows CVs of a solution of 2 with 11 mM TFA in dry 
acetonitrile and after the addition of 200 µL of water. There is a 12% increase in the catalytic 
activity of the complex as a result of the water addition.6 Addition of more water does not 
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Figure 2.8. Left: CVs of 2 and TFA in 5 mL of 0.1 M TBAPF6 in CH3CN at 7 V/s (black) 8 V/s 
(blue), 9 V/s (red), 10 V/s (green), 11 V/s (orange).6 Right: Plot of ic	vs.	v.	
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increase the catalytic activity further, as the complex begins to precipitate out of solution. 
Although 2 is not soluble in water, it is stable and active in the presence of water. 
   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. CVs of 2 in CH3CN with 0.1 M TBAPF6 in dry conditions (black), after the addition 
of 11mM TFA (blue), and after the addition of 200 µL of water (red).6	
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Conclusions 
 The addition of electron-withdrawing nitro groups onto the ligand in an inactive cobalt 
complex (1) resulted in a complex (2) that was an active electrocatalyst for proton reduction. 
Complex 2 is highly active (TOF = 420 s-1) and efficient, operating with a modest overpotential 
(350 mV). Catalysis is thought to proceed through an ECEC mechanism with protonation at 
either the phenolate or the amine occurring after reduction of Co(II) to Co(I). Hydrogen 
generation is first order in [2] and second order in [H+]. The addition of water yielded a 12% 
increase in catalytic current, indicating that 2 is active and stable in the presence of water. 
Complex 2 represents a new group of easily synthesized proton reduction catalysts that are 
efficient, active, and stable in the presence of water. 
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Appendix A 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. 1H NMR Spectrum of 2 with integrations in blue in DMSO-d6. Solvent impurities of 
toluene, methanol, and water are marked with x.	
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Figure A2. High-resolution of mass spectrum of complex 2 in 1:1 Methanol:THF with NaCl added.	
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Figure A3. CVs of 1 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 mM 
(red), 6.6 mM (green), and 8.8 mM (orange) TFA at v = 200 mV/s.	
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Figure A4. CVs of 0.3 mg of 2 and 0.5 mg ferrocene in 5 mL of 0.1 M TBAPF6 in CH3CN at v = 200 
mV/s without acid added (black) and upon the addition of 2.2 mM (blue), 4.4 mM (red), and 6.6 mM 
(green) TFA. This figure demonstrates how ferrocene was used as an internal standard and shows that 
the catalytic wave does not shift with respect to ferrocene.	
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Figure A5. CVs of 2 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 mM 
(red), 6.6 mM (green), and 8.8 mM (orange) TFA at v = 500 mV/s.	
 
		 39	
 
 
 
Figure A6. CVs of 2 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 mM 
(red), 6.6 mM (green), and 8.8 mM (orange) TFA at v = 1 V/s.	
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Figure A7. CVs of 2 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 mM 
(red), 6.6 mM (green), and 8.8 mM (orange) TFA at v = 5 V/s.	
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Figure A8. CVs of 2 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 2.2 mM (blue), 4.4 mM 
(red), 6.6 mM (green), and 8.8 mM (orange) tosic acid at v = 200 mV/s.	
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Figure A9. CV of 0.1 M TBAPF6 and 8.8 mM TFA in CH3CN without catalyst. This figure 
shows the background reduction of TFA.	
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Table A1.   Selected bond lengths [Å] and angles [°] for 2. 
__________________________________________  
Co(1)-O(1) 1.892(2) 
Co(1)-N(2) 1.903(2) 
Co(1)-N(1) 1.954(2) 
N(1)-C(1) 1.499(4) 
C(1)-C(2) 1.517(8) 
C(1)-C(6) 1.517(6) 
C(2)-C(3) 1.521(9) 
C(3)-C(4) 1.526(8) 
C(4)-C(5) 1.521(8) 
C(5)-C(6) 1.516(6) 
C(6)-N(2) 1.491(4) 
N(2)-C(7) 1.279(4) 
C(7)-C(8) 1.432(4) 
C(8)-C(9) 1.397(4) 
C(8)-C(13) 1.423(4) 
C(9)-C(10) 1.366(5) 
C(10)-C(11) 1.385(5) 
C(10)-N(3) 1.461(4) 
C(11)-C(12) 1.373(5) 
C(12)-C(13) 1.416(4) 
C(13)-O(1)  1.302(3) 
N(3)-O(2)  1.225(4) 
N(3)-O(3)  1.228(5) 
O(1)-Co(1)-N(1)                   178.28(9) 
N(2)-Co(1)-N(1)                   85.33(10) 
C(1)-N(1)-Co(1)                   107.8(2) 
N(1)-C(1)-C(2)                     114.2(5) 
N(1)-C(1)-C(6)                     106.7(3) 
C(2)-C(1)-C(6)                     111.4(6) 
C(1)-C(2)-C(3)                     109.7(7) 
C(2)-C(3)-C(4)                     111.1(7) 
C(5)-C(4)-C(3)                     111.7(5) 
C(6)-C(5)-C(4)                     108.7(5) 
N(2)-C(6)-C(5)                     114.8(4) 
N(2)-C(6)-C(1)  102.6(3) 
C(5)-C(6)-C(1)  111.4(4) 
C(7)-N(2)-C(6)  121.5(2) 
C(7)-N(2)-Co(1)  126.01(19) 
C(6)-N(2)-Co(1)  112.4(2) 
N(2)-C(7)-C(8)  124.8(2) 
C(9)-C(8)-C(13)  119.7(3) 
C(9)-C(8)-C(7)  117.2(3) 
C(13)-C(8)-C(7)  123.2(3) 
C(10)-C(9)-C(8)  120.4(3) 
C(9)-C(10)-C(11)  121.4(3) 
C(9)-C(10)-N(3)  119.0(3) 
C(11)-C(10)-N(3)  119.5(3) 
C(12)-C(11)-C(10)  119.4(3) 
C(11)-C(12)-C(13)  121.5(3) 
O(1)-C(13)-C(12)  118.0(3) 
O(1)-C(13)-C(8)  124.4(3) 
C(12)-C(13)-C(8)  117.6(3) 
C(13)-O(1)-Co(1)  125.87(18) 
O(2)-N(3)-O(3)  123.1(3) 
O(2)-N(3)-C(10)  117.5(4) 
O(3)-N(3)-C(10)  119.4(3)
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Chapter 3: Inexpensive Cobalt Schiff-Base Complexes for Hydrogen Generation 
Introduction 
 Complex 2 is catalytically active, operates at a low overpotential, and is stable in the 
presence of water.1 It was therefore of interest to study similar complexes that are equally active 
and efficient, but easier and less expensive to synthesize. Although 2 is formed through a facile 
condensation reaction, the synthesis is complicated by the potential to form many different 
isomers.1 Furthermore, the cyclohexane starting material used as a backbone for the ligand is 
relatively expensive (about $50 per gram when purchased from Acros Organics). Complexes 3 
and 4 were developed to improve upon the synthetic yields and overall affordability of 2. Unlike 
2, 3 and 4 are symmetric due to the nature of their ligands, reducing the number of possible 
isomers by eliminating the possibility of (R,R), (S,S), and (R,S) isomers. The ligands can 
coordinate to the metal center to give facial or meridional complexes. However, the meridional 
mode is more stable and, like 2, 3 and 4 form in a racemic mixture of the Δ and Λ configurations 
through this synthesis. The structures of each complex are shown in Figure 3.1 for reference. 
 
  (2)          (3)            (4) 
 
Ethylenediamine is used as a starting material for 3 and 4 instead of the (1R,2R)-(-)-
diaminocyclohexane used in the synthesis of 2. Because it is easier to synthesize, 
Figure 3.1. Left: Dinitro complex with cyclohexl backbone (2).1 Center: Dinitro complex 
with ethyl backbone (3). Right: Tetranitro complex with ethyl backbone (4). 
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ethylenediamine is much less expensive (about $46 per liter or about $0.05 per gram when 
purchased from Acros Organics).  
 The work presented in this chapter reports the synthesis, characterization, and 
electrochemical analysis of two active, efficient, and inexpensive cobalt catalysts (3 and 4). 
Complexes 3 and 4 were characterized by NMR, MS, and X-ray diffractometry and studied 
electrochemically using CV. The effects of varying proton and catalyst concentration are 
investigated. Furthermore, a more rigorous method for determining the TOF of 3 and 4 is 
implemented. The goal of this project is to isolate active, efficient, easily synthesized, and 
inexpensive catalysts for proton reduction. 
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Experimental 
Materials and methods 
2-hydroxy-5-nitrobenzaldehyde, tetra-n-butylammoniumhexafluorophosphate (98%), 
ethylenediamine, and potassium hexafluorophosphate were purchased from Acros Organics. 
Cobalt(II) tetrafluoroborate hexahydrate was purchased from Aldrich. 3,5-dinitrosalicylaldehyde 
was purchased from Alfa Aesar. All other reagents were purchased from Fisher Scientific and 
used without further purification.  
Instrumentation 
1H and 13C NMRs were performed on an Agilent 400MR DD2 instrument operating in pulse 
Fourier transform mode. Chemical shifts were referenced to residual solvent. Mass spectrometry 
was carried out using positive electrospray ionization on a Bruker 12 Tesla APEX-Qe FTICR-
MS with an Apollo II ion source. 
X-Ray Diffractometry 
A crystal (0.48 x 0.20 x 0.12 mm3) was placed onto the tip of a thin glass optical fiber and 
mounted on a Bruker SMART APEX II CCD platform diffractometer for a data collection at 
100.0(5) K.2 A preliminary set of cell constants and an orientation matrix were calculated from 
reflections harvested from three orthogonal wedges of reciprocal space. The full data collection 
was carried out using MoKα radiation (graphite monochromator) with a frame time of 10 
seconds and a detector distance of 3.98 (3) or 3.99 cm (4). A randomly oriented region of 
reciprocal space was surveyed: frames were collected with 0.50º steps in ω at different φ settings 
and a detector position of -38º in 2θ. The intensity data were corrected for absorption.3 Final cell 
constants were calculated from the xyz centroids of strong reflections from the actual data 
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collection after integration.4 See Tables 3.1 and 3.2 for additional crystal and refinement 
information. 
Syntheses 
 
 
[Co(L-NO2)2] (3) Cobalt(II) tetrafluoroborate hexahydrate (255 mg, 0.75 mmol) and 2-hydroxy-
5-nitrobenzaldehyde (250 mg, 1.5 mmol) were dissolved in 50 mL of MeOH. Ethylenediamine 
(100 µL, 1.5 mmol) and potassium hexafluorophosphate (138 mg, 0.75 mmol) was added. The 
solution was refluxed for 2 hours. The solution was then allowed to cool to room temperature 
and was filtered through celite. The solvent was removed. The solid was dissolved in the 
minimum amount of methanol (~5 mL) to afford a clear solution. The methanol solution was 
then layered onto toluene in crystallization vials to afford the crystalline product (85% yield). 
After 24 hours, red crystals were obtained. M/z for C18H20CoN6O6+ expected = 475.077084, 
observed = 475.076960. 1H NMR (DMSO) δ: 4.08 (2H, m); 4.23 (2H, m); 4.51 (4H, m); 6.66 
(2H, d, J = 9.4 Hz); 7.89 (2H, dd, J1 = 3.1 Hz, J2 = 9.4 Hz); 8.52 (2H, d, J = 3.1 Hz); 8.82 (2H, s). 
13C NMR (CDCl3) δ: 42.2, 62.2, 119.6, 122.8, 128.6, 132.5, 135.7, 167.0, 170.8. 
 
 
 
 
 
 
Scheme 3.1. Synthesis of 3. 
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[Co(L-(NO2)2)2] (4) Cobalt(II) tetrafluoroborate hexahydrate (255 mg, 0.75 mmol) and 3,5-
dinitrosalicylaldehyde (312 mg, 1.5mmol) were dissolved in 50 mL of MeOH. Ethylenediamine 
(100 µL, 1.5 mmol) was added. The solution was refluxed for 2 hours. The solution was then 
allowed to cool to room temperature and was filtered through celite. The solvent was removed. 
The solid was dissolved in the minimum amount of methanol (~5 mL) to afford a clear solution. 
The methanol solution was then layered onto toluene in crystallization vials to afford the 
crystalline product (56% yield). M/z for C18H18CoN8O10+ expected = 565.047240, observed = 
565.046860. 1H NMR (DMSO) δ: 4.17 (2H, m); 4.32 (2H, m); 4.96 (4H, s); 8.57 (2H, d, J = 3.0 
Hz); 8.81 (2H, d, J = 3.0 Hz); 9.01 (2H, s). 13C NMR (CDCl3) δ: 21.9, 42.4, 125.1, 125.9, 133.9, 
134.9, 142.8, 162.0, 166.7. 
Electrochemistry Experiments 
Cyclic Voltammetry (CV) 
All experiments were performed using a CH Instruments 620D potentiostat with a CH 
Instruments 680 amp booster. A standard three-electrode cell with a glassy carbon working 
electrode, a Pt auxiliary electrode, and a saturated calomel reference electrode (SCE) was used to 
obtain all cyclic voltammograms. All electrochemical experiments were conducted under an Ar 
atmosphere. CH3CN was used as solvent and TBAPF6 was used as electrolyte. Ferrocene was 
added and used as an internal reference and all potentials are reported relative to the Fc+/Fc 
Scheme 3.2. Synthesis of 4. 
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redox couple. Before each scan, the working and auxiliary electrodes were polished using 
alumina powder paste (0.05 µm) on a cloth-covered polishing pad and then rinsed using water 
and acetonitrile (unless noted otherwise). 
Acid Addition Studies 
In an electrochemical cell, 0.5 mg of crystals of 3 or 4 were dissolved in 5.0 mL of 0.1 M 
TBAPF6 in CH3CN. The cell was purged with Ar for 15 minutes. CVs were taken without acid 
and after additions of varying amounts of TFA unless otherwise noted. The CVs were obtained at 
potential ranges adjusted for each catalyst, generally at a 𝜈 of 200 mV/s unless noted otherwise. 
Catalyst Concentration Study  
2.5 mM stock solutions of 3 and 4 in CH3CN were prepared. A 5 mL solution of 44 mM TFA 
and 0.1 M TBAPF6 in CH3CN was prepared in an electrochemical cell. Ferrocene was added as 
an internal standard and the cell was purged with Ar. CVs were taken without 3 or 4 added and 
upon the addition of 0.2 mM, 0.4 mM, 0.6 mM, and 0.8 mM of 3 or 4. 
Dip Test for Homogeneity 
In an electrochemical cell, a 5.0 mL solution of 0.5 mg of crystals, 8.8 mM TFA, and 0.1 M 
TBAPF6 in CH3CN was degassed with Ar. A CV was taken at v = 200 mV/s. The electrodes 
were removed from the electrochemical cell and rinsed with CH3CN but not polished with 
alumina powder paste. In a second electrochemical cell, a 5.0 mL solution of 0.1 M TBAPF6 in 
CH3CN was degassed with Ar. The electrodes were placed in this cell and a CV was taken at v = 
200 mV/s. 
Bulk Electrolysis 
Controlled-potential coulometry (CPC) experiments were conducted in a closed 500 mL four-
neck round-bottom flask. Complex 3 or 4 (0.5 mg) was added to 50 mL of 0.1 M TBAPF6 in 
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CH3CN. The flask was capped with two vitreous carbon electrodes and a silver wire reference 
electrode, all submerged in solution and separated by VYCOR frits. The solution was purged 
with Ar and TFA was added resulting in a 65 mM solution. A CPC was run at -1.2 V vs. Fc+/Fc 
(for 3) or -1.0 V vs. Fc+/Fc (for 4) for 1800s, resulting in a faradaic yield of 98%. No hydrogen 
was observed when the experiment was performed without catalyst. 
Background Reduction of TFA 
In an electrochemical cell, a 5.0 mL solution of 0.1 M TBAPF6 in CH3CN was degassed with Ar. 
CVs were taken at ν = 200 mV/s prior to the addition of TFA and after the addition of varying 
concentrations of TFA. 
Background Reduction of TFA 
In an electrochemical cell, a 5.0 mL solution of 0.1 M TBAPF6 in CH3CN was degassed with Ar. 
CVs were taken at ν = 200 mV/s prior to addition of TFA and after the addition of varying 
concentrations of TFA.   
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Results and Discussion  
Characterizing the Dinitro (3) and Tetranitro (4) Complexes 
 Owing to the symmetric nature of the coordinated ligands, a limited number of 
configurations of 3 and 4 are observed. The ligands coordinate to the metal center to give 
meridional complexes. Although facial coordination is theoretically possible, the meridional 
binding mode is more stable for both complexes and forms exclusively in these syntheses 
(Figures 3.2 and 3.3). Furthermore, the use of ethylenediamine as starting material instead of  
   
 
(1R,2R)-(-)-diaminocyclohexane eliminates the possibility of (R,R), (S,S), and (R,S) isomers. 
Crystals suitable for X-ray diffraction were obtained through slow diffusion of toluene into 
solutions of 3 or 4 in MeOH. The crystal structure obtained of 3 shows that it is a distorted 
octahedral complex with O1-Co-N2, O1-Co-N2A, and N2-Co-N2A bond angles of 94.35°,  
	
Figure 3.2. ORTEP diagram of 3. O (red), N (blue), C (grey), P (purple), and F (green). 
Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 50% probability level. 
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87.49°, and 177.37° respectively (Table B1). Additionally, the crystal structure obtained of 4 
shows that it is also a distorted octahedral complex with O1-Co-N2, O1-Co-N2A, and N2-Co-
N2A bond angles of 94.05°, 87.24°, and 178.18°, respectively (Table B2). Further X-ray 
crystallographic data is shown in Table 3.1 and Table 3.2 for reference. 		 	
  
 
 
 
 
 
 
Figure 3.3. ORTEP diagram of 4. O (red), N (blue), C (grey), B (orange), and F (green). 
Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 50% probability level. 
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Table 3.1.  Crystal data and structure refinement for 3. 
______________________________________________________________________________ 
Identification code  3 
Empirical formula  C32 H36 B0.30 Co F5.39 N6 O6 P0.70 
Formula weight  786.97 
Temperature  100.0(5) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  C2/c 
Unit cell dimensions  a = 13.6579(11) Å α = 90° 
 b = 18.1377(15) Å β = 90.4907(18)° 
 c = 13.7492(11) Å γ = 90° 
Volume 3405.9(5) Å
3
 
Z 4 
Density (calculated) 1.535 Mg/m
3
 
Absorption coefficient 0.620 mm
-1
 
F(000) 1622 
Crystal color, morphology pink-red, needle 
Crystal size 0.48 x 0.20 x 0.12 mm
3
 
Theta range for data collection 1.867 to 36.406° 
Index ranges -22 ≤  h ≤ 22, -30 ≤  k ≤ 30, -22 ≤  l ≤ 22 
Reflections collected 118185 
Independent reflections 8288 [R(int) = 0.0754] 
Observed reflections 6153 
Completeness to theta = 36.319°  100.0%  
Absorption correction Multi-scan  
Max. and min. transmission 0.7471 and 0.6514 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 8288 / 51 / 278 
Goodness-of-fit on F2 1.024 
Final R indices [I>2sigma(I)]  R1 = 0.0407, wR2 = 0.0980 
R indices (all data) R1 = 0.0644, wR2 = 0.1093  
Largest diff. peak and hole 0.832 and -0.425 e.Å
-3 
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Table 3.2.  Crystal data and structure refinement for 4. 
______________________________________________________________________________ 
Identification code  4 
Empirical formula  C25 H26 B Co F4 N8 O10 
Formula weight  744.28 
Temperature  100.0(5) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  C2/c 
Unit cell dimensions  a = 14.6690(16) Å α = 90° 
 b = 15.7386(17) Å β = 99.389(2)° 
 c = 12.9152(14) Å γ = 90° 
Volume 2941.8(6) Å
3
 
Z 4 
Density (calculated) 1.680 Mg/m
3
 
Absorption coefficient 0.681 mm
-1
 
F(000) 1520 
Crystal color, morphology pink-red, needle 
Crystal size 0.48 x 0.20 x 0.12 mm
3
 
Theta range for data collection 1.912 to 38.792° 
Index ranges -25 ≤  h ≤ 25, -27 ≤  k ≤ 27, -22 ≤  l ≤ 22 
Reflections collected 64770 
Independent reflections 8254 [R(int) = 0.0483] 
Observed reflections 6347 
Completeness to theta = 37.785°  99.7%  
Absorption correction Multi-scan  
Max. and min. transmission 0.7476 and 0.6618 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 8254 / 6 / 251 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)]  R1 = 0.0454, wR2 = 0.1181 
R indices (all data) R1 = 0.0653, wR2 = 0.1288  
Largest diff. peak and hole 1.141 and -0.486 e.Å
-3 
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Electrochemistry 
 CV was used to probe 3 and 4 for usefulness as electrocatalysts. Complex 3 shows a 
reversible redox couple at -0.92 V vs. Fc+/Fc that can be assigned to Co(II/I) reduction and 
oxidation events (Figure 3.4). Adding additional electron-withdrawing nitro groups to the ligand 
in 4 shifts the Co(II/I) redox couple to a potential of -0.74 V vs. Fc+/Fc (Figure 3.4). When TFA 
    
 
is added to a solution containing 3 or 4, a current enhancement appears at -1.2 V or -1.0 vs. 
Fc+/Fc, respectively. Upon further additions of TFA to a solution containing 3 or 4, the catalytic 
response increases linearly with [TFA], suggesting that catalysis is second order with respect to 
[H+] for both complexes (Figure 3.5). When [H+] is held constant and [3] or [4] is varied, there is 
also a linear dependence on catalyst concentration, indicating that catalysis is first order with 
Figure 3.4. CV of 2 in CH3CN with 0.1 M TBAPF6 (orange). CV of 3 in CH3CN with 0.1 M TBAPF6 
(green). CV of 4 in CH3CN with 0.1 M TBAPF6 (red). v = 200 mV/s.1 
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respect to [3] or [4], respectively (Figure 3.6). This gives overall rate expressions of rate rate = 
k[3][H+]2 and rate = k[4][H+]2. 
A)       B) 
 
C)       D) 
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Figure 3.5. A) CVs of 3 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.88 mM (blue), 1.76 
mM (red), 2.42 mM (green), and 3.08 mM (orange) TFA at v = 200 mV/s. B) The ic/ip vs. [TFA] was 
fit with a linear correlation. C) CVs of 4 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.22 
mM (blue), 0.44 mM (red), 0.66 mM (green), and 0.88 mM (orange) TFA at v = 200 mV/s. D) The 
ic/ip vs. [TFA] was fit with a linear correlation.		
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A)       B) 
	 	
C)       D) 
 
 After investigating the rate dependence on [TFA] and [catalyst] for both 3 and 4, it is of 
interest to probe the activity of both catalysts by calculating the catalytic rate constant (kcat) and 
TOF. Foot-of-the-wave analysis (FOWA) is used to determine the kcat. For most catalysts, the 
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Figure 3.6. A) CVs of ferrocene and 44 mM TFA in 5 mL of 0.1 M TBAPF6 in CH3CN without 3 
added (black) and upon the addition of 0.2 mM (blue), 0.4 mM (red), 0.6 mM (green), and 0.8 mM 
(orange) of 3 at v = 200 mV/s. B) The ic vs. [3] was fit with a linear correlation. C) CVs of ferrocene 
and 44 mM TFA in 5 mL of 0.1 M TBAPF6 in CH3CN without 4 added (black) and upon the addition 
of 0.2 mM (blue), 0.4 mM (red), 0.6 mM (green), and 0.8 mM (orange) of 4 at v = 200 mV/s. D) The ic 
vs. [4] was fit with a linear correlation.		
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character of the catalytic current is not ideal. This is due to undesired side reactions, substrate 
depletion, catalyst decomposition, and many other factors. FOWA accounts for the non-ideal 
nature of the catalytic wave to more accurately describe the activity of a catalyst. The mechanism 
for catalysis by 3 and 4 involves either an electrochemical step (reduction) followed by a 
chemical step (protonation) and subsequent reduction and protonation events (ECEC) or two 
electrochemical steps followed by two chemical steps (EECC).5 For either process, current can 
be represented with the following equation:6 
i = 2FACp0 Dkobs
1 +  e FRT E-Eredox    (3.1) 
where i is current, F is the Faraday constant, A is the surface area of the electrode, 𝐶!! is the 
concentration of the catalyst in solution, D is the diffusion coefficient, and kobs is the rate 
constant. The Randles-Sevcik equation describes the peak current of a reversible catalytic wave, 
in this case, in the absence of the substrate (H+):7 
ip = 0.4463ACp0 FvDRT    (3.2) 
Combining these equations yields:6 
i
ip
 = 2 RTFv kobs
0.4463
 * 1
1 + e FRT E - Eredox  (3.3) 
The value !!! can then be plotted against 11 + e FRT E - Eredox  to give a line with a slope (m) equal to 
2 RTFv kobs
0.4463
. From this slope, kobs can be calculated: 
kobs = (m2)(0.4463)2Fv4RT    (3.4) 
 This describes only the ideal character of a catalytic wave, which only occurs at the foot 
of the wave.6, 7 Figure 3.7 shows the portion of the wave that is considered the foot.  
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From the kobs value (in s-1), the kcat can be determined (in M-1s-1) as follows: 
kcat = kobs[H+]    (3.5) 
The kobs and kcat values calculated for 3 are 80,000 s-1 and 80,000 M-1s-1, respectively. The kobs  
and kcat values calculated for 4 are 20,000 s-1 and 20,000 M-1s-1, respectively.  
 It is also of interest to compare the relationship between activity and efficiency for 3 and 
4. This is done using Tafel plots. Tafel plots are constructed using data acquired from CV. They 
are made by plotting the logarithm of TOF vs. the overpotential (η), where η = Eref – E. In this 
system, Eref is a constant and E refers to the potential of a given point along the catalytic wave.8 
The logarithm of Equation 3.6 is used to make a Tafel plot, where Eredox corresponds to the 
potential at which the reversible catalytic wave is observed for a given catalyst:8 
TOF = TOFmax
1 - e FRT Eref – η - Eredox   (3.6) 
For this system, the TOFmax is equal to the kobs value previously calculated. On a Tafel plot, 
TOFmax is the TOF value at the plateau and the y-intercept is the catalytic rate at 0 overpotential 
Figure 3.7. Left: CV of 3 in CH3CN with 0.1 M TBAPF6 and 3.08 mM TFA at v = 200 mV/s. Right: 
CV of 4 in CH3CN with 0.1 M TBAPF6 and 0.88 mM TFA at v = 200 mV/s. The portion of the wave 
used for FOWA is shown in red.	
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(Figure 3.8). The catalytic rate at 0 overpotential is a theoretical value showing the TOF a 
catalyst would exhibit if it required no additional voltage (over the thermodynamic requirement 
for proton reduction) to perform catalysis. The catalytic rates for 3 and 4 at 0 overpotential are 
130 s-1 and 19,000 s-1, respectively. 
    
 
 Overpotential and ic/ip values were not calculated for 3 and 4 because FOWA is a more 
rigorous method for probing the catalytic activity of these complexes. 
 
 
 
 
 
 
Figure 3.8. Overlaid Tafel plots of 3 (black) and 4 (red) at v = 200 mV/s.	
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Conclusions 
 Cobalt complexes 3 and 4 resulting from facile one-pot condensation reactions were 
found to be active electrocatalysts for proton reduction. The incorporation of an ethyl backbone 
in place of cyclohexane means that they are less expensive and easier to make than their 
precursor (2).1 Both complexes are highly active and efficient; 3 shows a kcat of 46000 M-1s-1 and 
4 shows a kcat of 15000 M-1s-1. For both 3 and 4, hydrogen generation is first order in [catalyst] 
and second order in [H+]. Complexes 3 and 4 represent an improved group of easily synthesized 
proton reduction catalysts that are efficient, active, and made with inexpensive, earth-abundant 
materials.
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Appendix B 
 
 
 
 
 
 
 
 
Figure B1. 1H NMR Spectrum of 3 with integrations in red in DMSO-d6. Solvent impurities of water 
(3.31 ppm), methanol (3.16 ppm), and DMSO (2.48 ppm) are marked with x.	
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Figure B2. 1H NMR Spectrum of 4 with integrations in red in DMSO-d6. Solvent impurities of  
toluene (7.2 ppm, 2.29 ppm), methanol (3.89 ppm), water (3.36 ppm), and DMSO (2.48 ppm) are 
marked with x.	
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Figure B3. CVs of 3 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.88 mM (blue), 1.76 
mM (red), 2.42 mM (green), and 3.08 mM (orange) TFA at v = 500 mV/s.	
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Figure B4. CVs of 3 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.88 mM (blue), 1.76 
mM (red), 2.42 mM (green), and 3.08 mM (orange) TFA at v = 1 mV/s.	
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Figure B5. CV of 3 and 8.8 mM of TFA in 5 mL of 0.1 M TBAPF6 in CH3CN (blue). Electrodes were 
removed from the electrochemical cell and placed in 5 mL of 0.1 M TBAPF6 in CH3CN without 
polishing (black). v = 200 mV/s 
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Figure B6. CVs in 5 mL of 0.1 M TBAPF6 in CH3CN (blue) and after the addition of 1.32 mM TFA. 
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Figure B7. CVs of 4 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.22 mM (blue), 0.44 
mM (red), 0.66 mM (green), and 0.88 mM (orange) TFA at v = 600 mV/s.	
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Figure B8. CVs of 4 in CH3CN with 0.1 M TBAPF6 (black) upon addition of 0.22 mM (blue), 0.44 
mM (red), 0.66 mM (green), and 0.88 mM (orange) TFA at v = 1 V/s.	
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Figure B9. CV of 4 and 8.8 mM of TFA in 5 mL of 0.1 M TBAPF6 in CH3CN (blue). Electrodes were 
removed from the electrochemical cell and placed in 5 mL of 0.1 M TBAPF6 in CH3CN without 
polishing (black). v = 200 mV/s 
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Figure B10. CVs in 5 mL of 0.1 M TBAPF6 in CH3CN (blue) and after the addition of 1.32 mM TFA. 
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Table B1.   Selected bond lengths [Å] and angles [°] for 3. 
_____________________________________________________ 
Co1-O(1A)  1.8940(9)         
Co1-O(1) 1.8940(9) 
Co1-N(2) 1.9024(10)         
Co1-N(2A) 1.9025(10)         
Co1-N(1) 1.9600(11)         
Co1-N(1A) 1.9600(11) 
N(2)-C(3) 1.2837(15)                 
O(1A)-Co1-O(1) 91.20(6)         
O(1A) -Co1-N(2) 87.49(4)         
O(1)-Co1-N(2)             94.35(4) 
O(1A) -Co1-N(2A)      94.35(4)         
O(1)-Co1-N(2A)         87.49(4)         
N(2)-Co1-N(2A)        177.37(6)         
O(1A) -Co1-N(1)         87.51(4)         
O(1)-Co1-N(1)           178.66(4)         
N(2)-Co1-N(1)             85.27(4)         
N(2A) -Co1-N(1)          92.93(4)        
O(1A) -Co1-N(1A)     178.67(4)        
O(1)-Co1-N(1A)           87.51(4)        
N(2)-Co1-N(1A)           92.93(4)        
N(2A) -Co1-N(1A)       85.27(4)        
N(1)-Co1-N(1A)           93.79(6) 
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Table B2.   Selected bond lengths [Å] and angles [°] for 4. 
_____________________________________________________ 
Co1-O(1A)                  1.8958(9) 
Co1-O(1)                     1.8959(9) 
Co1-N(2A)                1.9029(10) 
Co1-N(2)                   1.9029(10) 
Co1-N(1)                   1.9540(10) 
Co1-N(1A)                1.9541(10)  
N(2)-C(3)                  1.2818(15) 
O(1A) -Co1-O(1)         89.61(6) 
O(1A) -Co1-N(2A)      94.05(4) 
O(1)-Co1-N(2A)          87.24(4) 
O(1A)-Co1-N(2)          87.24(4) 
O(1)-Co1-N(2)             94.05(4) 
N(2A) -Co1-N(2)        178.18(6) 
O(1A)-Co1-N(1)          88.08(4) 
O(1)-Co1-N(1)            177.62(4) 
N(2A)-Co1-N(1)          93.52(4) 
N(2)-Co1-N(1)             85.24(4) 
O(1A)-Co1-N(1A)       177.62(4) 
O(1)-Co1-N(1A)           88.09(4) 
N(2A) -Co1-N(1A)       85.25(4) 
N(2)-Co1-N(1A)           93.52(4) 
N(1)-Co1-N(1A)          94.23(6) 
 
